We studied visual representation in the parietal cortex by recording whole-scalp neuromagnetic responses to luminance stimuli of varying eccentricities. The stimuli were semicircles (5.58 in radius) presented at horizontal eccentricities from 08 to 168, separately in the right and left hemi¢elds. All stimuli evoked responses in the contralateral occipital and medial parietal areas. The waveforms and distributions of the occipital responses varied with stimulus side (left, right) and eccentricity, whereas the parietal responses were remarkably similar to all stimuli. The equivalent sources of the parietal signals clustered within 1cm 3 in the medial parieto-occipital sulcus and did not di¡er signi¢cantly between the stimuli. The strength of the parietal activation remained practically constant with increasing stimulus eccentricity, suggesting that the visual areas in the parieto-occipital sulcus lack the enhanced foveal representation typical of most other visual areas. This result strengthens our previous suggestion that the medial parietooccipital sulcus is the human homologue of the monkey V6 complex, characterized by, for example, lack of retinotopy and the absence of relative foveal magni¢cation.
INTRODUCTION
We have previously suggested (JousmÌki et al. 1996; Hari 1997; Hari & Salmelin 1997) that the cortex in the medial parieto-occipital sulcus (POS), which is activated during blinks (Hari et al. 1994) and saccades (JousmÌki et al. 1996) , is the human homologue of the monkey V6 complex (Zeki 1986 ). We found recently that fairly simple luminance stimuli also activate the POS region and that the activation strength is similar to foveal and extrafoveal stimuli (Portin et al. 1998) .
The monkey V6 complex, also denoted area PO (Colby et al. 1988) , is situated in the anterior bank of the of the medial POS, and has been described thoroughly by Galletti et al. (1991 Galletti et al. ( , 1995 Galletti et al. ( , 1996 Galletti et al. ( , 1997 . It consists of the more ventral area V6 and the dorsal area V6A. The most prominent di¡erence between the two subdivisions of V6 is the existence of visually unresponsive cells in V6A. Areas V1, V2, V3, V3A, V4 and MT (V5) project to area PO in a retinotopically ordered manner. The projections come mainly from the representation of the visual periphery (Colby et al. 1988) . The V6^PO complex has strong connections to the region of the intraparietal sulcus, the frontal eye ¢elds and the premotor cortex (Zeki 1986; Colby et al. 1988; Tanne¨et al. 1995) .
The neurons in V6 have large receptive ¢elds (RFs, 103 08), often extending into both the ipsilateral and contralateral quadrants. RFs are ca. 108 larger in V6A than V6 for any eccentricity, but the response properties of the neurons are largely similar (Galletti et al. 1991 (Galletti et al. , 1996 . The most striking di¡erence between the V6 complex and occipital visual areas is the lack of strict retinotopy (point-to-point representation of the visual ¢eld) and the absence of relative emphasis on the fovea in the V6 complex (Zeki 1986; Colby et al. 1988; Galletti et al. 1991) . The doubling of the receptive ¢eld size from 08 to 608 eccentricity in the V6 complex (Galletti et al. 1991 ) is negligible compared with the corresponding 30-fold change in magni¢cation in the occipital areas (Rovamo & Virsu 1979) . Thus, area V6^PO is characterized by an almost constant magni¢cation factor across the visual ¢eld.
In the present study we employed magnetoencephalography (MEG) to study the e¡ect of horizontal stimulus eccentricity on the activity of the human POS cortex, proposing that strong parietal responses to peripheral stimuli would strengthen our suggestion that the visually responsive area in the human POS region corresponds to the macaque V6 complex. The tests were made with luminance stimuli (white on a black background), which, according to our previous studies (Portin et al. 1998 (Portin et al. , 1999 , activate the POS region very strongly.
MATERIAL AND METHODS

(a) Stimuli
The stimuli, shown in ¢gure 1, were white semicircles (radius 5.58) presented on a black background. The luminances (L) of the white and black areas were 80 and 4 cd m À2 , respectively; the contrast (L max ÀL min )/(L max L min ) was therefore 91%. In experiment 1 the stimuli were presented for 0.2 s once every 1s randomly at one of six positions, with the vertical diameter at 08, 1.58 or 5.48 from the vertical meridian, in either the left or the right visual ¢eld. Only the black background was visible during the pauses between the stimuli. These stimuli will hereafter be referred to as E 0 , E 1.5 and E 5.4 , respectively, with L or R replacing E, when needed, to indicate the stimulated hemi¢eld. In experiment 2, the otherwise identical stimuli were presented with the diameters at 1.78, 8.98 or 168 from the vertical meridian. With such large visual angles it was technically possible to stimulate only one hemi¢eld in one session. The order of presentation (left or right) was counterbalanced across subjects.
The mean viewing distance was 106 cm (103^108 cm) in all experiments, and the subjects ¢xated a grey dot at the centre of the visual ¢eld. The room was dark; the stimulus was the only source of light. The stimuli were produced with a MacProbe program on a Macintosh Quadra 840AV computer and projected on white cardboard in front of the subject with a Sony VPL-350QM LCD data projector, located outside the magnetically shielded room. A dark piece of cardboard was attached to the white neuromagnetometer to avoid light re£ection.
(b) Subjects and recordings
In experiment 1, evoked neuromagnetic signals were recorded from 11 right-handed members of the laboratory sta¡ (seven males and four females, aged 24^35, mean 27 yr), while they were seated in a magnetically shielded room with the head supported against the helmet-shaped bottom surface of the Neuromag-122 TM whole-scalp neuromagnetometer (Neuromag Ltd, Helsinki, Finland). Seven of these subjects (four males and three females, aged 25^30 yr) also participated in experiment 2.
The neuromagnetometer contained 122 planar superconducting quantum interference device (SQUID) gradiometers, organized in pairs at 61 locations covering the whole scalp (Ahonen et al. 1993) . Each gradiometer pair measured the mutually orthogonal longitudinal and latitudinal derivatives of the magnetic ¢eld normal to the helmet surface, i.e. essentially the change in magnetic ¢eld in two independent directions. The planar gradiometers sensed the largest signal just above an active source, where the ¢eld gradient had its maximum. For an extensive review of the MEG method, see HÌmÌlÌinen et al. (1993) .
The recording passband was 0.03^90 Hz and the digitization rate 0.3 kHz. The responses were averaged on-line in 750 ms epochs, including a 150 ms pre-stimulus baseline. Responses coinciding with eye movements and blinks, monitored by vertical and horizontal electro-oculograms, were rejected from the analysis.
Magnetic signals induced by current that was fed to indicator coils attached to three scalp locations were used to ¢nd the exact head position with respect to the sensor array. The coil locations were determined with respect to anatomical landmarks with a three-dimensional digitizer (Isotrak 3S1002; Polhemus Navigation Sciences, Colchester, VT, USA), permitting the alignment of the MEG and magnetic resonance (MR) image coordinate systems. The MR images were acquired with a 1 or 1.5 T Siemens Magnetom TM instrument.
(c) Data analysis
The averaged (N 100) evoked responses were digitally lowpass ¢ltered at 45 Hz. Jitter in the stimulus onsets, caused by the stimulus presentation equipment, resulted in an additional lowpass ¢ltering at ca. 25 Hz. The cortical sources of the signals were modelled as equivalent current dipoles (ECDs), which are widely used approximations for local synchronous cortical activity. The three-dimensional locations, orientations and strengths of the ECDs were found by a least-squares search with the use of signals from 28^32 sensors covering the dipolar ¢eld pattern. The source strengths, i.e. the dipole moments, expressed in terms of current Â length (units nA m), re£ect the strength of the cortical activation, which is a¡ected by both the synchrony of postsynaptic currents and the extent of the activation. The time-courses of the ECDs describing the cortical activity were obtained by a time-varying model, in which the dipole strengths were allowed to vary as a function of time to explain the measured signals in all 122 sensors. If source identi¢cation was not possible, the corresponding numerical result was omitted from further analysis. Statistical evaluation of the data was performed with the two-tailed t-test or with the 1 2 test for two independent variables.
RESULTS
The following results are from experiment 1 unless stated otherwise.
(a) Responses Figure 2 shows, for subject 1, whole-scalp responses to foveal stimuli in the left and right visual ¢elds. The responses in the occipital area had multiple peaks (exceeding 2 s.d. of the pre-stimulus baseline) before 200 ms. The earliest occipital responses (before 100 ms) were strongest over the contralateral hemisphere, and generally di¡ered in polarity from stimuli in the left and right visual ¢elds. In contrast, parietal responses, ¢rst appearing at 130 ms and peaking at 180 ms, were very similar to each other over a fairly large area, covered by several sensor pairs over the parietal midline. Below, the enlarged traces from the encircled areas show that the occipital responses di¡ered in both waveform and strength between the six stimuli. In contrast, the parietal responses were markedly similar in morphology at a single recording location and the broad de£ections at ca. 130^260 ms were essentially equally strong to all six stimuli. The peak responses to the two stimuli with the largest eccentricities (L 5.4 and R 5.4 , indicated by arrows for some subjects) were delayed in both the occipital area (mean delay 30 ms, range 10^40 ms; E 5.4 4E 1.5 and E 5.4 4E 0 , p50.05) and the parietal area (185 ms compared with 165 ms; p50.05).
The occipital responses before 100 ms decreased with stimulus eccentricity, exceeding 2 s.d. of the pre-stimulus baseline in 14 out of 14 conditions at E 1.5 (seven subjects who took part in both experiments 1 and 2; two hemi¢elds for each), but in only two conditions at E 16 . In contrast, the parietal 130^260 ms responses were detectable in 14 and 13 out of 14 conditions at E 0 and E 16 , respectively. This di¡erence was statistically signi¢cant (p50.05, 1 2 5.11), indicating that the strengths of the occipital and parietal responses are a¡ected di¡erently by stimulus eccentricity.
(b) Source locations and strengths Figure 3 shows representative ECDs for the occipital and parietal responses in subjects 4^6, superimposed on their MR images. We could identify parietal ECDs around 180 ms in essentially all stimulus conditions for all subjects: in 61 out of 66 conditions (11 subjects, six conditions) in experiment 1, and in 39 out of 42 conditions (seven subjects, six conditions) in experiment 2. In contrast, contralateral occipital sources were reliably identi¢ed around 45^85 ms only to E 0 and E 1.5 stimuli. The mean AE s.e.m. source locations are shown at the bottom of ¢gure 3, viewed from above and from the right. The parietal sources to left and right visual ¢eld stimuli clustered within 1cm 3 . The occipital sources were always situated close to the calcarine ¢ssure, but clearly in the hemisphere contralateral to the stimulation. There were no statistically signi¢cant di¡erences between source locations to E 0 and E 1.5 stimuli presented in the same visual ¢eld. Note, however, that the stimuli overlapped heavily. The parietal sources clustered in the medial parieto-occipital sulcus; their locations did not depend on the stimulus location. The mean POS source current was directed anteriorly and superiorly. Figure 4 shows the maximum strengths (in nA m) of the ECDs modelling the parietal activations to all stimuli, in both the main and the control experiments for all subjects. Note that the apparent diminution of data points from low to high eccentricities is due to the use of (i) more stimuli at lower eccentricities, and (ii) fewer subjects in experiment 2 applying the highest stimulus eccentricities. There is a non-signi¢cant trend for slightly stronger sources to E 0 than to other stimuli. However, the cortical activations were essentially equally strong to all stimuli between 1.58 and 168. The mean parietal source strengths in the di¡erent conditions, normalized by the activation to E 0 (experiment 1) or E 1.7 stimuli (experiment 2), varied between 0.76 and 1.16, and did not depend signi¢cantly on stimulus eccentricity, with the exception of R 0 4R 5.4 (p50.05).
DISCUSSION
Luminance stimuli at all eccentricities evoked strong activity in the region of the medial parieto-occipital sulcus. Similar parietal responses can be evoked by grey stimuli with 10% contrast; the response latency depends on the mean luminance of the stimulus (Portin et al. 1998 ; K. Portin, S. Vanni, V. Virsu and R. Hari, unpublished data). Thus, the recorded parietal activity is most probably speci¢c to the luminance stimuli themselves and not subject to, for example, pupil-size related contamination caused by the large change in mean luminance at each stimulus presentation.
The parietal responses to all stimuli employed were strikingly similar in waveform, distribution and strength. The cortical activation was adequately modelled by a single source in the medial parieto-occipital sulcus, clearly distinct from active areas in the occipital cortex, as shown earlier in detail (Portin et al. 1998) . The POS source most probably re£ects bilateral and symmetrical activation of the ¢ssural cortex close to the hemispheric midline, which would agree with animal data of the bilateral activation of the V6^V6A region. However, we cannot resolve whether the generators are situated in area V6 or V6A, and our stimuli could equally well activate both (Galletti et al. 1991 (Galletti et al. , 1996 . To our knowledge, the anatomical and functional distinction between human V6 and V6A areas is unknown at present.
The mean locations of the parietal sources to di¡erent stimuli clustered within 1cm 3 and did not show any clear retinotopic organization. The parietal responses to left and right visual ¢eld stimuli were almost identical, indicating the absence of any clear hemispheric predominance in the human POS. The human V6 complex is, however, probably relatively small, and a subtle retinotopic representation might be too small to be detected with the spatial resolution of MEG. It is also possible that our peripheral and foveal stimuli covered the same receptive ¢elds to some extent, thereby preventing us from detecting a crude retinotopy.
However, the lack of a clearly ordered visual representation (left visual ¢eld compared with right visual ¢eld) in the parietal area was remarkable when compared with the retinotopic organization of the occipital visual areas, also shown earlier in more detail with MEG recordings (Ahlfors et al. 1992; Portin et al. 1999) . The occipital responses to stimuli at varying eccentricities di¡ered in waveform and amplitude, and the underlying source currents were found in the hemisphere contralateral to the stimuli. Although the large and relatively few stimuli did not allow a detailed retinotopic mapping of the occipital cortex, the stimulus eccentricity a¡ected the occipital and parietal responses in a signi¢cantly di¡erent manner: even the most peripheral stimuli, covering 16^21.58 of the visual ¢eld, elicited a parietal activation comparable in strength to that evoked by the foveal stimuli (0^5.58), whereas the occipital responses of most subjects did not exceed the noise level at the highest eccentricities. Thus, the behaviour of the parietal responses was in strong contrast to the dependence of cortical activation on visual eccentricity in areas V1 and V2 of occipital cortex, where the cortical magni¢cation decreases rapidly with eccentricity (Daniel & Whitteridge 1961; Rovamo & Virsu 1979) .
The monkey V6 complex contains cells the RFs of which remain anchored to the same absolute position in space. Those cells, together with neurons having classical 984 K. Portin and R. Hari Human parieto-occipital visual representation
parietal sources on MR slices retinotopic RFs and neurons that are sensitive to eye position, are assumed to construct a head-centred cortical representation of the visual space, di¡ering from the classical retinotopically ordered mapping (Galletti et al. 1993 (Galletti et al. , 1995 . We have previously proposed that the POS region is the human homologue of the monkey V6 complex (JousmÌki et al. 1996; Hari 1997; Hari & Salmelin 1997; Portin et al. 1998) , which lacks a clear point-to-point retinotopy and has an enhanced representation of the visual periphery. The present results support this hypothesis, by showing that the visual areas in the human parieto-occipital sulcus lack both retinotopy and enhanced foveal magni¢cation. 
